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SUMMARY
The domestic poultry population in Vietnam has been vaccinated against highly pathogenic
avian inﬂuenza (HPAI) H5N1 since 2005. Since then, outbreaks have continued to occur without
a clear understanding of the mechanisms involved. The general objective of this study was to
understand the epidemiology of the disease in the context of vaccination and to draw some
conclusions about vaccination eﬃcacy in the domestic poultry population of the Red River
Delta area. Five cross-sectional surveys to measure the serological and virological prevalence in
vaccinated and unvaccinated poultry were performed from the end of 2008 to June 2010. The
global seroprevalence was 24% (95% conﬁdence interval 19.9–28.2). Determinants of vaccine
immunogenicity were identiﬁed separately in chickens and ducks as well as determinants of the
seroconversion in unvaccinated birds. The results highlight the diﬃculties in maintaining good
ﬂock immunity in poultry populations using inactivated vaccine in the ﬁeld with two vaccination
rounds per year, and in preventing circulation of virus in co-existing unvaccinated poultry.
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INTRODUCTION
Vietnam, with a poultry population of over 250 mil-
lion [1], faced its ﬁrst outbreaks of highly pathogenic
avian inﬂuenza (HPAI) H5N1 at the end of 2003 [2].
By the end of 2009, ﬁve epidemic waves had occurred
in domestic poultry [2]. The HPAI H5N1 viruses iso-
lated in Vietnam from the initial outbreaks belonged
to haemagglutinin (HA) clade 1 (genotype z) [3, 4]
according to the nomenclature system of the HA lin-
eage protein gene [5]. Those viruses derived their HA
genes from the Gs/GD/1/96-like lineage [6]. From
2007 until 2010, clade 2.3.4 was predominant in
Northern Vietnam [3, 4, 7], although from 2008, clade
7 and later clade 2.3.2, were sporadically detected [7].
To limit the number of outbreaks and the risk of
transmission to humans, the Government of Vietnam
decided to use vaccination from the end of 2005 until
2011 following the detection of 2.3.2 vaccine-resistant
strains [8]. Vaccination was organized by the vet-
erinary services following bi-annual vaccination
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campaigns with the vaccine provided free of charge to
farmers who only paid for the service. During the
study period (2008–2010), chickens and ducks were
vaccinated with an inactivated H5N1 vaccine gener-
ated from a genetically modiﬁed reassortant H5N1
low pathogenic virus, A/Harbin/Re-1/2003 (desig-
nated Re-1; Weike Biological Company of the Harbin
Veterinary Research Institute, Chinese Academy of
Agricultural Sciences, China) that derives its HA and
neuraminidase (NA) genes from the GS/GD/96 virus
referred to as HA clade 0 [9]. Despite a period of
about a year without an outbreak, Northern Vietnam
faced a signiﬁcant epidemic in 2007 [2] and since then,
outbreaks have continued to occur sporadically
without a clear understanding of the mechanisms
involved. Possible reasons include low level of virus
circulation in the vaccinated population, and regular
re-introduction from neighbouring countries, or a
combination of both.
The general objective of this study was to under-
stand the epidemiology of the disease in Northern
Vietnam in the context of vaccination and to draw
some conclusions about vaccination eﬃcacy in the
domestic poultry population of the Red River Delta
area.
The speciﬁc objectives were to: (1) assess, through
serological monitoring, the eﬀect of the vaccination
strategy (protocol and vaccine used) on the immunity
of the population; (2) identify the determinants of
the vaccine immunogenicity under ﬁeld conditions
through an investigation of the variation in H5N1 HI
titres in vaccinated birds [10] ; and (3) measure the
level of virus circulation in vaccinated and co-existing
unvaccinated populations and its determinants, by
means of virological follow-up of the whole popu-
lation and serological monitoring of the unvaccinated
population.
MATERIALS AND METHODS
Study design overview
During 2008–2010, repeated cross-sectional surveys
were conducted in order to study the patterns of
HPAI H5N1 serological and virological prevalences
in the domestic poultry population of the Red River
Delta region (Northern Vietnam). Five sampling
campaigns were performed: mid-December 2008
(C1), end of January 2009 (C2), end of March 2009
(C3), early June 2009 (C4) and ﬁnally June 2010 (C5),
in an outbreak recrudescence context [11].
Study sites
The study site consisted of nine communes located
within four districts from two provinces (Fig. 1).
These communes were selected because they were
considered to be at risk for HPAI infection due to
previous virus circulation at the early stage of epi-
demic waves.
Those communes also provided a good represen-
tation of the poultry production systems of the Red
River Delta area, with Bac Giang province represen-
tative of the agricultural practices in the Delta region
[12] and Ha Tay province being the main poultry
production area in Northern Vietnam, especially for
breeders [1]. One-day-old chickens and ducklings
from this province are sent to most of the Northern
provinces [1].
Sampling strategy
The population was stratiﬁed into three production
systems [1] :
. backyard poultry system;
. semi-commercial long cycle (including breeding
and laying ﬂocks) ;
. semi-commercial short cycle (meat bird ﬂocks).
For each campaign we adopted a one-stage clustered
stratiﬁed design with random selection of the clusters
(the ﬂocks for semi-commercial farms or the villages
for backyard poultry) and random selection of the
birds within each cluster. The number of ﬂocks or
villages randomly selected within the study site was
proportional to their total number within each stra-
tum. The sampling frame (including the list of all
semi-commercial poultry ﬂocks and villages in the
study site) was updated by commune veterinarians
before each sampling to take into account the known
seasonal variation of the poultry population. During
the study visits, selected farms that had no birds in
their selected ﬂocks were replaced by a ﬂock of the
same category in the same village, if possible, or with
one from another village of the same commune.
Sample size calculation
We computed the sample size required to estimate
a bird-level virological prevalence up to 15% with a
precision of 3% at the 95% conﬁdence level, and a
bird-level seroprevalence up to 50% with a precision
of 5% and a 95% conﬁdence level. In the absence of
data related to the variance of HPAI prevalence
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within and between clusters, we applied a multipli-
cation factor of 2 to the estimated sample size corre-
sponding to the design eﬀect for a cluster sampling
[13]. We obtained a minimum number of birds to be
sampled at each campaign equal to 1090 birds. Fifteen
birds were sampled in each selected cluster (ﬂock or
village) to detect the presence of virus with 90%
conﬁdence if the within-cluster prevalence was>15%
(expected prevalence estimated based on available
experimental trials [14]).
Data collection
Four diﬀerent questionnaires were designed. Two
were administered to the ﬂock owners and to the
heads of each village visited, respectively, including
questions about vaccination status of birds sampled,
the size and the characteristics of the ﬂock (species,
breed, age), housing system details, the number of
households and poultry farms in the village, etc. One
questionnaire was completed by the commune veter-
inarians between two sampling campaigns with
data related to the date of H5N1 vaccination in the
commune and about poultry mortality events during
the period elapsed. In addition, in 2010 a question-
naire was administered to the commune veterinarians
including questions on the detailed vaccination pro-
tocol for H5N1.
For each selected bird, a blood sample was
collected from the wing vein, as well as cloacal and
oropharyngeal swabs for C1–C4. Oropharyngeal
and cloacal swabs were kept separately in 1 ml virus
transport medium [15] for C1 and were then pooled
together from three birds in 2 ml virus transport me-
dium for C2–C4.
Laboratory tests
The haemagglutinin inhibition (HI) test was used
to estimate H5N1 seroprevalence for all sera samples
collected. The analyses were performed at the
National Institute of Veterinary Research (NIVR).
The test used a HA clade 1 antigen (A/Dk/Vietnam/6/
03 H5N1) following the protocol described in the
OIE manual [16]. All sera were ﬁrst heat-inactivated
at 56 xC for 30 min. Serum titres were expressed as
Ha Noi
Bac Giang
Ha Tay
0 5 10 20 km
Selected commune
National road
Selected provinces
Fig. 1 [colour online]. Study area showing selected provinces and communes.
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log2 values of the highest reciprocal dilution that
showed complete inhibition of haemagglutination.
The sensitivity (Se) and speciﬁcity (Sp) of the HI
test performed at NIVR on the bird population were
evaluated by comparison with a reference test, and the
best cut-oﬀ values for the positive threshold were
found to be 4 log2 for chickens and 3 log2 for ducks
[17]. We used these positive cut-oﬀ values to deﬁne
seropositivity as a result of previous infection or sig-
niﬁcant vaccination responses. Viral RNA extraction
(using Qiagen1 RNeasy mini kit, Qiagen, USA) and
reverse transcription–polymerase chain reaction
(RT–PCR) were performed at NIVR. Every positive
result by RT–PCR for viral matrix protein (M) was
subjected to RT–PCR for the HA gene of subtype H5.
Data analysis
Seroprevalence estimation and comparison
A sampling weight was applied to each bird in order
to obtain an unbiased estimation of the prevalence at
bird level despite the stratiﬁed sampling strategy [18].
The sampling weights were calculated as the inverse
of the probability of selection. The probability of
selection was calculated as follows: (number of epi-
demiological units selected in the strata/number of
epidemiological units in the strata)r(number of birds
selected in the epidemiological unit/number of birds
in the epidemiological unit) [18].
Potential intra-cluster (ﬂock or village) correlation
was accounted for by using a robust calculation of the
standard errors in the ﬁxed-eﬀects statistical models
[19]. Comparison of the odds of being seropositive
between categories of birds was performed using uni-
variate logistic regression [18].
The theoretical vaccination coverage was assessed
from farmers’ reports on the vaccination status of the
sampled birds. We deﬁned a protected ﬂock as having
at least 70% of sampled birds with positive titres and
having a geometric mean titre (GMT)o20 [20, 21].
Determinants of vaccine immunogenicity
Immunogenicity refers to the ability of a vaccine to
induce an immune response (antibody and/or cell-
mediated immunity) in a vaccinated animal [22].
Only birds vaccinated for at least 21 days were
considered in the analysis in order to allow the HI
titre to reach a maximum level and be constant [23].
We analysed the determinants of the vaccine im-
munogenicity with a zero-inﬂated Poisson regression
model separately for vaccinated chickens and ducks.
Zero-inﬂated Poisson regression models allow ad-
dressing, in the same model, both the factors that
distinguish seroconverted from non-seroconverted
birds (logistic regression component) and the factors
that explain the diﬀerent levels of antibody titres in
the seroconverted birds (Poisson regression compo-
nent) [18]. In order to limit bias due to misclassiﬁc-
ation of birds (i.e. farmer stating the ﬂock was
vaccinated when it was not), only birds from ﬂocks
declared as vaccinated and presenting at least one
seropositive sampled bird were included into this
analysis. Birds showing discrepancy between their
date of vaccination and their current age were re-
moved from the analysis. We ﬁtted the models for
birds at 2 and 3 months post-vaccination. The de-
terminants of immunogenicity were only studied for
C5 for which detailed information on the number of
injections per vaccination course was recorded in ad-
dition to the vaccination status and date of vacci-
nation. Few predictors were initially considered. They
were related to (1) the vaccination protocol of either
of two doses after age 20 days (deﬁned as protocol 1),
one dose after age 20 days (protocol 2), two doses
with the ﬁrst injection before age 20 days (protocol 3)
or one dose before age 20 days (protocol 4) ; (2) the
number of poultry within the ﬂock, used as an indi-
cator of the specialization of the farmer; and (3) the
housing system, used as an indicator of exposure
to diverse microbiological pressure that may limit
the immune system reaction. The breed could not be
tested due to limited variability of breeds within the
selected samples.
The ﬁrst step was to build a model including all
explanatory variables in both components of the
model. If no further adjustment signiﬁcantly im-
proved the model [variation of>2 points of Akaike’s
Information Criteria (AIC) comparison when one
variable was removed] then the full model was pres-
ented in order to obtain the adjusted coeﬃcients [24].
Once the model was ﬁtted, we performed Vuong’s test
to assess the validity of using a zero-inﬂated Poisson
model instead of a standard Poisson model [18].
Determinants of the seroconversion in unvaccinated
birds
A random-eﬀects logistic model was built to study
the determinants of the seroconversion of the un-
vaccinated birds [18]. Flocks or villages were included
as a random eﬀect in order to take into account intra-
cluster correlation in the birds’ seroconversion.
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The variables tested were related to: (1) the birds’
characteristics (species, production type, age) ; (2) the
number of poultry within the ﬂock; (3) the village
characteristics (number of layer-breeder duck ﬂocks
in the village and presence/absence of meat-duck
ﬂocks in the village at sampling time); and (4) the
estimated H5N1 immunity coverage of vaccinated
poultry at the commune level at sampling time.
The immunity coverage of vaccinated poultry in the
commune was estimated by the seroprevalence at
the bird level in the vaccinated birds in the study
sample. The other variables were extracted from the
questionnaires.
RESULTS
Study population
In total, 5880 domestic birds were sampled from
447 ﬂocks or villages (C1 n=69, C2 n=75, C3 n=74,
C4 n=76, C5 n=153). All birds were tested for anti-
bodies to H5N1 virus by HI test and only birds
sampled from C1 to C4 (n=4354) were tested by
RT–PCR. The sample consisted of 2489 chickens,
2201 ducks, 1133 Muscovy ducks, 18 geese and 39
birds without clear species identiﬁcation. The break-
down of the total number of ﬂocks in the study area
between December 2008 and June 2009 showed that
the meat-duck ﬂock population increased signiﬁ-
cantly during the ﬁrst rice harvesting season in June
(data not presented), as described previously [1].
Viral circulation over a 1-year period
The overall pool prevalence of type A inﬂuenza viru-
ses for C2, C3 and C4 was 0.08 (C2, two positive
pools/374 pools of three birds; C3, 1/365; C4, 6/396).
No type A inﬂuenza positive or suspect samples
were detected for the 1036 individual oropharyngeal
samples collected during C1. The overall H5 inﬂuenza
pool prevalence was 0.002 (2/1135). All the H5 posi-
tive and suspect samples were from ducks sampled
in C4, including two ﬂocks declared as vaccinated
(Table 1).
Detailed bird-level seroprevalence results
The seroprevalence over the ﬁve cross-sectional sur-
veys of the overall population, without consideration
of the reported vaccination status of the birds and
estimated by methods accounting for the survey
design (sampling weight and clustering) was 24%
[95% conﬁdence interval (CI) 19.9–28.2]. The sero-
prevalence per campaign was below 30% for all the
sampling campaigns (Fig. 2).
The seroprevalence estimates by species, pro-
duction category and vaccination status are given in
Table 2. We observed that the odds of being sero-
positive were signiﬁcantly lower for meat birds com-
pared to layer-breeders [odds ratio (OR) 0.37,
P=0.005] (Table 2). When viewing the seroprevalence
kinetics during the study period separately for those
two populations (Fig. 3), we observed diﬀerences in
percentage of seropositive birds at the sampling dates
between the main vaccination campaigns (C2 and C3)
and not at the sampling dates just after the vacci-
nation campaigns. These results emphasize the
importance of rapid turnover of the meat-bird popu-
lation in maintaining a suﬃcient poultry population
immunity level using a bi-annual vaccination pro-
gramme.
Evaluation of the vaccination implementation
eﬃcacy at bird and ﬂock levels
The overall seroprevalence of the birds declared
as vaccinated was only 36.9% (Table 3) with slight
variations between sampling campaigns (Fig. 2). The
Table 1. Detailed information related to the positive and suspect H5 RT–PCR results
H5 PCR pool
(Ct value) Farm
Species and production
type (breed)
Vaccination status*
(delay since last
vaccination in days ) Campaign
Positive (33.31) 1 Meat duck (Bau Canh Tran) Unvaccinated C4
Positive (34.7) 1 Meat duck (Bau Canh Tran) Unvaccinated C4
Suspect (38.09) 1 Meat duck (Bau Canh Tran) Unvaccinated C4
Suspect (38.54) 2 Duck breeder (Super egg) Vaccinated (31 says) C4
Suspect (37.27) 3 Duck layer-breeder (Super egg) Vaccinated (114 days) C4
RT–PCR, Reverse transcription–polymerase chain reaction.
* Based on farmers’ reports.
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Table 2. Detailed bird-level seroprevalence and univariate logistic regression results, corrected according to
sampling design
No. Seroprevalence (95% CI) OR* (95% CI) P value
Species
Chickens 2489 24.2% (17.7–30.7) Ref.
Ducks 2201 29.9% (23.3–36.5) 1.34 (0.83–2.14) 0.226
Muscovy ducks 1133 7.1% (2–12.3) 0.24 (0.10–0.56) 0.001
Production type
Layers and breeders 3561 29.7% (23.9–35.5) Ref.
Backyard poultry 733 20.2% (12.2–28.2) 0.60 (0.34–1.06) 0.076
Meat birds 1576 13.5% (6.1–21) 0.37 (0.18–0.74) 0.005
Province
Province 1 2994 26.8% (20.6–30) Ref.
Province 2 2886 21% (15.6–26.5) 0.72 (0.46–1.14) 0.166
Vaccination status
Birds declared unvaccinated 2561 10.3% (6–14.5) Ref.
Birds declared vaccinated 2945 36.9% (30.4–43.5) 5.1 (3–8.7) <0.000
Production type for the vaccinated population
Layers and breeders 2280 36.9 (29.8–44) Ref.
Meat birds 603 31.6 (16.5–46.7) 0.79 (0.37–1.69) 0.543
Production type for the unvaccinated population
Layers and breeders 913 11.9 (3.0–20.7) Ref.
Meat birds 1251 4.2 (0.9–7.4) 0.32 (0.09–1.04) 0.059
Species for the vaccinated population
Chickens 1296 39.8 (27.6–52.0) Ref.
Ducks 1497 36.4 (28.6–44.2) 0.87 (0.47–1.58) 0.642
OR, Odds ratio ; CI, conﬁdence interval.
* Odds ratio of being seropositive calculated using univariate logistic regression.
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Fig. 2 [colour online]. Variation of the H5N1 bird-level seroprevalence over the study period in relation to theoretical vacci-
nation coverage based on farmers’ reports.
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odds of being seropositive were signiﬁcantively higher
for vaccinated compared to unvaccinated birds (OR
5.1, P<0.000) (Table 2). The odds of being sero-
positive did not diﬀer between vaccinated chickens
and vaccinated ducks or between vaccinated meat and
layer-breeder poultry (Table 2).
Considering the ﬂocks declared as being vaccinated
at least 21 days previously, only 11.5% (21/182) were
protected. The mean within-ﬂock proportion of sero-
positive birds was 29.2% (95% CI 24.3–34.1) with a
mean within-ﬂock mean HI titre of only 1.7 log2 (95%
CI 1.4–2.1 log2).
In order to limit bias due to incorrect vaccination
status reports we also had those parameters computed
for the ﬂocks with at least one seropositive bird
(107/182) and the percentage of protected ﬂocks
slightly increased to 19.6% (21/107). The mean with-
in-ﬂock proportion of seropositive birds increased
to 49.7% (95% CI 44.0–55.3) and the mean within-
ﬂock mean HI titre increased to 2.8 log2 (95% CI
2.5–3.1 log2).
Determinants of vaccine immunogenicity in ducks
and chickens
The only factor diﬀerentiating seronconverted from
non-seroconverted chickens was the vaccination pro-
tocol (Table 3). Chickens vaccinated with protocol 4
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Fig. 3. Variation of the H5N1 bird-level seroprevalence for layer-breeders and meat birds.
Table 3. Final zero-inﬂated Poisson model* for the haemagglutinin inhibition (HI) titres in chickens vaccinated 2
and 3 months previously (between 31 and 120 days post-vaccination) (120 observations used)
Variable Category
Poisson regression# Inﬂated·
IRR$ (95% CI) P value OR|| (95% CI) P value
Vaccination
protocol
Protocol 1 : Two injections
after age 20 days
Ref. Ref.
Protocol 2 : One injection
after age 20 days
1.22 (0.99–1.50) 0.056 2.62 (0.96–7.16) 0.061
Protocol 4 : One injection
before age 20 days
1.35 (1.17–1.55) 0.000 45.98 (20.44–103.45) 0.000
Housing
system
Birds in a closed building
all day
Ref.
Birds with an outdoor
closed pen
0.95 (0.76–1.19) 0.646
Scavenging birds 0.78 (0.65–0.93) 0.007
IRR, Incidence rate ratio ; CI, conﬁdence interval ; OR, odds ratio.
* Vuong test of a zero-inﬂated Poisson vs. a standard Poisson model (z=5.77, Pr>z=0.0000).
# Modelling the ratio of the HI titre mean.
$ IRR, comparing the HI titre mean of seroconverted birds between categories.
· Modelling the probability of zero titre.
|| Comparing the odds of having a zero HI titre between categories.
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(aged <20 days, one injection) seroconvert less than
chickens vaccinated with protocol 1 (aged >20 days,
two injections) (OR 45.98, P<0.000). To a lesser ex-
tent, and at the limit of the signiﬁcance level, birds
vaccinated following protocol 2 (aged>20 days, one
injection) also seroconvert less (OR 2.62, P=0.061).
Surprisingly, we found a higher mean HI titre in
seroconverted birds vaccinated following protocol 4
than in those vaccinated following protocol 1 [inci-
dence rate ratio (IRR) 1.35, P=0.000]. The housing
system also inﬂuenced the level of immune response
of seroconverted birds, with scavenging birds having
a lower HI mean titre than birds kept in a closed
building all day (IRR 0.78, P=0.007) (Table 3).
Only ducks of the Super Egg breed were rep-
resented in the population of ducks sampled at 2 or
3 months post-vaccination. For ducks, the size of the
ﬂock was found to be a determinant of seroconversion
probability with a higher risk of not seroconverting
for the smaller size ﬂock category (Table 4). However,
we demonstrated that birds from large ﬂocks had
a mean HI titre lower than birds from small ﬂocks
(IRR 0.73, P=0.004). We also found an eﬀect of the
vaccination protocol on the HI titre of seroconverted
ducks, with a lower mean HI titre for birds vaccinated
following protocol 2 (aged >20 days, one injection)
than for those vaccinated following protocol 1 (aged
>20 days, two injections) (IRR 0.76, P=0.015). We
did not detect any signiﬁcant diﬀerence in mean HI
titre between ducks vaccinated following protocol 1
and protocol 3 (ﬁrst injection at age <20 days, two
injections) and none of the sampled birds had been
vaccinated following protocol 4 (aged<20 days, one
injection).
Serological evidence of exposure to H5N1 virus in
unvaccinated poultry
The overall seroprevalence for unvaccinated poultry
was 10.3% (Table 2). The species-speciﬁc sero-
prevalence was 10.6% for unvaccinated chickens
(95% CI 6–15.2, n=986), 13.4% for ducks (95% CI
0.4–26.7, n=608) and 6.5% for Muscovy ducks (95%
CI 0.7–12.3, n=946).
The seroprevalence at ﬂock level (one ﬂock being
positive if at least one bird was seropositive at the
deﬁned cut-oﬀ value) was 20.6% (95% CI 14.3–27,
n=160). The species-speciﬁc ﬂock seroprevalence
was 27.4% for chickens (95% CI 14.8–40.1, n=51),
25.6% for ducks (95% CI 12.3–40.1, n=42) and
12.1% for Muscovy ducks (95% CI 4.1–20.2, n=66).
Only one farm had declared experiencing mortality in
the month before sampling.
Determinants of the seropositivity in unvaccinated
birds
The probability of seroconversion of unvaccinated
birds increased: (1) with age (OR 1.15 for a 30-day
Table 4. Final zero-inﬂated Poisson model* for the haemagglutinin inhibition (HI) titres in Super Egg ducks
vaccinated for 2 and 3 months (139 observations)
Variable Category
Poisson regression# Inﬂated·
IRR$ (95% CI) P value OR|| (95% CI) P value
Vaccination protocol Protocol 1 : Two injections
after 20 days
Ref. Ref.
Protocol 2 : One injection
after 20 days
0.76 (0.62–0.95) 0.015 2.01 (0.77–5.23) 0.154
Protocol 3 : Two injections with
ﬁrst injection before 20 days
0.96 (0.83–1.12) 0.639 1.32 (0.33–5.24) 0.694
Number of poultry
in the ﬂock
f150 birds Ref. Ref.
150–250 birds 0.88 (0.69–1.11) 0.273 0.03 (0.01–0.09) 0.000
>250 birds 0.73 (0.59–0.90) 0.004 0.18 (0.08–0.40) 0.000
IRR, Incidence rate ratio ; CI, conﬁdence interval ; OR, odds ratio.
* Vuong test of zip vs. standard Poisson: z=9.18, Pr>z=0.0000.
# Modelling the ratio of the HI titre mean.
$ IRR comparing the HI titre mean of seroconverted birds between categories.
· Modelling the probability of zero titre.
|| Comparing the odds of having a zero HI titre between categories.
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increase in age, P<0.000) ; (2) for duck layers or
breeders and backyard Muscovy ducks compared to
chicken layers or breeders (OR 14.67, P=0.026 and
OR 28.12, P=0.081, respectively) ; (3) when the
number of layer or breeder duck ﬂocks in the village
at the time of sampling was medium compared to
when this number was low (OR 5.59, P=0.019);
(4) when at least one meat-duck ﬂock was present in
the village at the time of sampling (OR 5.38,
P=0.010); (5) in June 2009 and June 2010 compared
to December–January 2009 just before the Teˆt cel-
ebration (OR 7.39, P=0.015 and OR 4.62, P=0.042,
respectively) ; (6) to a lesser extent, with higher num-
bers of birds in the ﬂock from which birds were
sampled (OR 1.005, P=0.063) (Table 5). On the
other hand, the probability of seroconversion of un-
vaccinated birds decreased when between 50% and
70% of the vaccinated poultry in the commune were
above the deﬁned positive H5 HI antibody titre (OR
0.01, P=0.000).
DISCUSSION
Our results highlight the diﬃculties in maintaining
good ﬂock immunity all year long in poultry popula-
tions from Northern Vietnam using an inactivated
H5N1 vaccine. We were able to detect some determi-
nants of immunogenicity of this vaccine for chickens
and ducks. Finally, serological and virological results
indicate that the vaccination levels being achieved did
not prevent circulation of virus in co-existing un-
vaccinated poultry.
The limitations of the study in terms of method-
ology and the limitations and issues associated with
Table 5. Final random-eﬀect logistic model for the seroconversion of unvaccinated birds (2124 observations)
Variable Category OR (95% CI) P value
Poultry age Continuous variable 1.005 (1.00–1.01) 0.000
Poultry category Chicken layer-breeder Ref.
Chicken broiler 2.20 (0.18–26.44) 0.535
Chicken backyard 9.90 (0.56–174.50) 0.117
Duck layer-breeder 14.67 (1.38–155.28) 0.026
Meat duck 0.40 (0.02–7.40) 0.542
Duck backyard 0.94 (0.04–21.68) 0.968
Muscovy duck layer-breeder 7.66 (0.62–95.14) 0.113
Muscovy meat duck 1.32r10x9 0.998
Muscovy backyard 28.12 (0.66–1198.63) 0.081
Number of poultry
within ﬂock
Continuous variable. 1.005 (1–1.01) 0.063
Number of duck layer-breeder
ﬂocks in the village at the
time of sampling
No duck layer-breeder ﬂock Ref.
1–5 5.29 (1.32–21.22) 0.019
>5 0.31 (0.05–2.02) 0.225
Presence of at least one
meat-duck ﬂock in the village
1 month before sampling
Yes 5.38 (1.50–19.26) 0.010
H5N1 immunity level of the
vaccinated birds at commune
level at sampling time
<50% Ref.
50–70% 0.01 (0.001–0.090) 0.000
>70% 0.84 (0.07–9.99) 0.893
Sampling period Before 2009 Teˆt celebration
(Dec. 2008–Jan. 2009)
Ref.
After 2009 Teˆt celebration
(Mar. 2009)
1.03 (0.21–5.09) 0.972
During 2009 high meat-duck
production season (June 2009)
7.39 (1.47–37.03) 0.015
During 2009 high meat-duck
production season (June 2010)
4.62 (1.06–20.21) 0.042
Intra-cluster (intra-ﬂock)
correlation
0.51 (0.36–0.66)
OR, Odds ratio ; CI, conﬁdence interval.
Likelihood ratio test of rho=0 [16] : P=0.000.
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the existing vaccination programme are discussed be-
fore conclusions are drawn.
Methodology
Cross-reactivity between the clade 1 antigen used in
the HI test and the antibodies induced by a clade
0 vaccine antigen or by strains circulating in Northern
Vietnam at that period is expected to be good. Indeed,
clade 1 was found to be a good antigen for detection of
HI antibody responses [25] and previous studies at the
Agriculture, Fisheries and Conservation Department
in Hong Kong conﬁrmed this good cross-reactivity
(T. Ellis, personal communication). Furthermore,
clade 1 antigen was found to cross-react with anti-
bodies from ferrets against clade 2.3.4 strains – the
main strains circulating in Northern Vietnam from
2007 [3, 4, 7] – detected in 2005 as well as with strains
detected in 2008 [26]. Clade 2.3.2 viruses have also
been detected since 2009 in Northern Vietnam [7] and
no information about the cross-reactivity with those
strains is available. Nevertheless, this clade was not
so well established at the time of the study period as
indicated by a very low isolation rate compared to
clade 2.3.4 in about 20 000 samples collected from 2007
to 2010 [7]. No or limited cross-reactivity is expected
between clade 1 antigen and clade 7 antisera [26], but
clade 7 viruses were only detected from birds seized
at the border with China and have not yet become
established in Vietnam [26, 27]. Thus, we can conclude
that an HI test in those conditions may result in
slightly lower measuredHI antibody titres [28] but will
still give indication of past exposure with the Re-1
vaccine or with circulating strains.
Diﬃculties in conferring high herd immunity level with
a bi-annual vaccination strategy
The seroprevalence measured by the presence of HI
H5 antibodies in the studied population was <30%
for all the sampling campaigns. This immunity level is
below the targeted vaccination coverage following a
bi-annual mass vaccination campaign and the pre-
vious estimates made in Vietnam (i.e. >80%) [29].
Several factors may contribute and explain this low
immunity level :
(1) The high population turnover in poultry pro-
duction systems does not allow the vaccination of
all birds with a bi-annual vaccination campaign.
Moreover, farmers’ reports reveal lower vacci-
nation coverage for samplings between the main
vaccination campaigns (Fig. 2). This is mainly due
to the low frequency of vaccination sessions on
meat birds which are produced within a period of
2–3 months and are usually not vaccinated be-
tween vaccination campaigns (Fig. 3).
(2) Diﬀerent causes of preventable failures [30], such
as problems with the cold chain that could have a
direct consequence on the eﬀect of the vaccine
(vaccines are transported on motorbikes), or in-
correct injection techniques or incorrect dosages
that could lead to birds not receiving the appro-
priate amount of antigen. Existence of vacci-
nation failures is supported by a within-ﬂock
immunity level below the expected target sero-
prevalence or herd immunity threshold (60–80%)
needed in a vaccinated ﬂock to prevent an out-
break [31, 32]. On the other hand, the greater
technical capacity of farmers in vaccination im-
plementation may lead to less frequent prevent-
able vaccine failures. Indeed, in ducks, we found
that larger ﬂocks had a higher proportion of HI-
positive responders than smaller ﬂocks. But this
observation may also be explained by problems of
vaccine quality delivered for small ﬂocks since one
vaccine bottle containing about 500 doses is used
to inoculate several small ﬂocks over a few days.
(3) Inappropriate vaccination protocols leading to
low or no immunological response. The import-
ance for vaccine immunogenicity of the number
of doses and age of the bird at the time of vacci-
nation was conﬁrmed in our study for chickens
and ducks (zero-inﬂated models), respectively, on
the probability of seroconversion or on the mean
HI titres for seroconverted ducks [33]. This con-
ﬁrms previous reports on the need to increase
vaccine doses to induce protective immune re-
sponse in ducks [25]. We also observed a fall in
antibody levels at 1–2 months post-vaccination
(see Supplementary online material) that might
also be explained by inappropriate vaccination
protocols used in the ﬁeld (see Supplementary
online material for presentation of the vacci-
nation protocols as described by the commune
veterinarians).
(4) Farming management which may inﬂuence eﬀec-
tive immunization by this vaccine. We found a
lower mean HI titre in scavenging chickens than
in seroconverted chickens kept in a closed build-
ing all day (Table 3). For those birds, possibly
subjected to higher microbial pressure than birds
in a closed building, the vaccine-speciﬁc immune
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responses may have suﬀered from competition
[20, 34]. We also found that large ﬂock size nega-
tively inﬂuenced the mean HI titre of vaccinated
ducks. More intensive management practices for
the largest ﬂocks may induce more stress for the
birds and, as a consequence, a lower level of im-
munological response.
Limits of the vaccination strategy in preventing virus
circulation in the domestic poultry population
Suspect positive results for H5 by PCR testing were
found in only two unvaccinated duck ﬂocks. Those
results do not exclude the possibility of H5N1 virus
circulation in vaccinated birds but indicate that this
circulation is probably at a low level. According to the
virus titres shed in H5N1-infected unvaccinated
chickens and ducks from various experimental studies
(at least 102 EID50/0.1 ml of virus) [35, 36] it is likely
that a swab from one infected unvaccinated bird in a
pool of swabs from 2 to 3 birds would still give a
positive RT–PCR result. However, the virological re-
sults may have been biased by the short excretion
window of the virus since viral excretion in birds vac-
cinated with Re-1 vaccine may be as short as 3 days
post-challenge [35]. On the other hand, we have de-
tected strong H5 PCR-positive pools from healthy
unvaccinated ducks, conﬁrming again the potential
role of H5N1 virus reservoirs in waterfowl [37, 38] and
providing evidence of failure in the indirect protection
of the unvaccinated population with such a mass-
vaccination strategy. Finally, this low virological
prevalence measured on random samples at the farm
level is in accord with another study conducted in the
southern part of Vietnam a year before [39].
A serological prevalence of unvaccinated birds
at around 10% is further evidence of virus circulation
in that population. The presence of antibodies
against H5N1 as a marker of past virus exposure is
common in waterfowl but less frequent in chickens
that are usually more susceptible to HPAI viruses.
Nevertheless, it is possible that the local chicken breed
present some resistance to HPAI H5N1 viruses as
suggested previously [40] and observed in laboratory
settings (M. Peiris, personal communication), or that
chickens were resistant to infection if exposed to very
low doses of virus [41]. Further, we cannot exclude
that seroconversion of some of the unvaccinated birds
was due to low pathogenic H5N1 and H5N2, but be-
cause of the predominance of the HPAI H5N1 virus
in Vietnam, this bias is probably limited.
Nevertheless, despite failure in stopping virus
circulation, we noted an indirect protection of un-
vaccinated birds when the vaccinated population of
the same commune showed seroprevalence levels be-
tween 50% and 70% compared to situations where
this seroprevalence level was<50%. However, in the
ﬁnal random-eﬀects model, we did not detect a similar
eﬀect for a vaccinated population seroprevalence level
>70%. One hypothesis might be that having more
birds clinically protected without full prevention of
virus shedding [35, 36] makes the detection and con-
trol of HPAI H5N1 virus circulation more diﬃcult
for farmers. This is also suggested by a modelling
approach that demonstrated that the time taken to
report outbreaks in Vietnam had increased in the
period where vaccination was used compared to pre-
vious periods [42], lending support to the hypothesis
of ‘silent spread’ of infection in vaccinated birds [43].
Hypothesis related to the mechanisms involved in
virus persistence in the Red River Delta domestic
poultry population
We also gathered evidence on the role played by the
duck population in maintenance of the virus. We
showed that the probability of seroconversion of un-
vaccinated birds was higher in June, when the meat-
duck population reaches its maximum size. The last
big epidemic wave in Northern Vietnam in 2007 oc-
curred during that period [2]. Conﬁrming the inﬂu-
ence of the meat-duck population in supporting viral
circulation, we found that the presence of at least one
meat-duck ﬂock in the village around the time of
sampling signiﬁcantly increased the risk for an un-
vaccinated bird being seropositive. Meat ducks prob-
ably contribute to virus dissemination because of their
farming management, as they are allowed to scavenge
all day in the rice ﬁelds. In addition, serological and
virological results also support the role of the long-
cycle duck population (vaccinated and unvaccinated)
in virus circulation.
CONCLUSIONS
The study highlights the diﬃculties in maintaining
good herd immunity throughout the year in poultry
populations using an inactivated H5N1 vaccine in
Northern Vietnam. Improvements might still be ob-
tained by limiting the preventable vaccination failures
and by optimizing and harmonizing the protocols
being used separately for chickens and ducks. Our
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study provides insights into the epidemiology of the
HPAI H5N1 virus within a vaccination context
by providing indirect evidence that vaccinated popu-
lations with less than optimal levels of immunity
can contribute to persistence of the virus within the
poultry population. More precisely, we hypothesized
that the virus is maintained in long-cycle ducks (and
to lesser extent long-cycle unvaccinated Muscovy
ducks) and that unvaccinated meat ducks probably
contribute to virus dissemination because of their
farming management. Appropriate vaccination pro-
tocols should be tested in this population in ﬁeld
conditions and vaccine should be available through-
out the year.
NOTE
For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0950268812001628.
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